We examined magnetic field and energetic ( E 3 30 keV) proton and ( E 3 220keV) electron observations obtained by the spacecraft IMP-6, 7, and 8 in the vicinity of both the (quasi-) parallel and (quasi-) perpendicular bow shock of the Earth. The observations analysed show that: (a) for a quasi-perpendicular (45 < Os. c 90") region of the bow shock, the down- [lS] with the ambient solar -50keV proton flux, and similar positive correlation with the value of the induced electric field E = -Us, x E (c) for parallel or quasi-parallel shocks and strong upstream magnetic wave activity, the presence of upstream > 50 keV ion events is not a continuous phenomenon, but is strongly correlated with the substorm activity of the magnetosphere. The above observations along with other previously published observations are discussed in the context of the Shock Drift Acceleration (SDA) and the Diffusive (1st order Fermi) acceleration theories. We infer that: (a) a seed population of superthermal (energetic) protons are accelerated to higher energies at the oblique (quasi-perpendicular) bow shock via the SDA process, and (b) there is no convincing evidence for acceleration of either the solar wind or ambient energetic ions to energies 2 30-50 keV via the Fermi acceleration process.
Introduction
The particle acceleration at MHD shocks is a principal process for accelerating particles to higher energies in the universe. Particles are accelerated within our solar system at interplanetary blast and corotating waves, and at planetary bow shocks [l, 21; various sites of particle acceleration within the heliosphere are presented in Fig. 1 . Given that there has been a series of spacecraft, which have crossed the earth's bow shock and supplied us with an enormous Physica Scripta T52 amount of field and particle data, it is implied that the earth's bow shock is an excellent chance for researchers to test the operation of various particle acceleration models at MHD shocks in general. In this work we will concentrate our attention on the acceleration of ions to high (E 2 30 keV) energies. This subject has been a controversial one in the scientific community for many years. The capability of the quasi-parallel (dawn) bow shock to accelerate ions to high energies (E 2 30-50 keV) is still under investigation; however, it is widely accepted that the quasi-perpendicular bow shock accelerates ions to very high energies. Two main models have been proposed for explaining the particle and field observations obtained in the vicinity of the bow shock, the Shock Drift Acceleration (SDA) and the diffusive or 1st order Fermi acceleration. In the following Section (2) we will refer to these acceleration models. In Section 3 we will report the characteristics of energetic ions populating the region near the earth's bow shock. Then, in Section 4, we will present some new observations obtained in the same area. Finally, in section 5, we will discuss the ion characteristic in the context of SDA and Fermi models.
Theoretical models 2.1. Shock drijt acceleration
According to the Shock Drift Acceleration model [3] charged particles are accelerated at an MHD shock wave by VB drifting in the presence of the induced electric field E = -U x B, U and B being the plasma velocity and B the magnetic field magnitude, respectively. Computations for particles accelerated at a collisionless shock, either reflected or transmitted (Fig. 2) can easily be made in a frame of reference, the Hoffman-Teller frame, where the induced electric field E is null, i.e. in a'frame in which the plasma streams along the magnetic field line. If OB,, is the angle between the magnetic field direction and the normal bow shock ri and /?
is the angle between the plasma velocity U and the normal n, the transformation velocity is given by V U cos sec OB,,.
Computations can easily be carried out if the magnetic moment p = mu2 sin2 a/2B (U and a are the velocity and the pitch angle of a particle) is conserved [4-91. The SDA is a rapid acceleration process, which predicts efficient acceleration of ions and electrons at both large angle interplanetary and bow shocks in a few tens of seconds. Figure 3 shows the probability computed for reflection (R), transmission (T) or non-interaction (N) of a particle with the shock. The probability varies with changing the ratio
At large angle OBn or small value of the particle speed v (low energy particle) only transmission is possible. For decreasing (increasing) values of OBn the probability of reflection transmission increases (decreases). For E .e 1, both the probability of particle reflection and transmission decrease, and the probability for non-interaction increases [6] . More special predictions of the SDA model will be reported in Section 5 in comparison with bow shock observations. However, we note here, that under solar conditions, which imply in a large value of the induced electric field E = -U,, x B and a small ratio of the particle gyroradius R , to the radius of curvature R, of the bow shock, ions can be accelerated more efficiently at a quasi-perpendicular region of the bow shock, since under such conditions a particle can gain a large amount of energy without leaving the large proton fluxes are observed under specific solar wind conditions, which imply in a small ratio R,/R, of the proton gyroradius R , to the local radius of curvature of the bow shock R,, and large values of the induced electric field E = -U, , x BIMF. Acceleration effects to high energy ions have been observed, in particular, under conditions with large values of the solar wind velocity U, , and of the IMF magnitude B [lo] . If the IMF forms a nearly perpendicular structure at a region of the bow shock (OB,, N 90"), all of the energetic ions are transmitted downstream from the shock, in the magnetosheath. If the IMF forms a quasi-perpendicular (45" < OB,, -= 90") bow shock, energetic (E 2 50 keV) ions, after their acceleration at the shock front, are either reflected upstream from the bow shock or are transmitted downstream. The reflected ions travel along the direction of the IMF forming angular distributions with strong field aligned anisotropies. The ions, which are transmitted downstream from the bow shock, present double peaked anisotropies at large angles (nearly perpendicular) with the direction of the magnetic field. In some cases the double peaked anisotropy of the ion angular distributions within the magnetosheath are observable at only the higher energy (i.e. 2300keV) ions, because of the Compton-Getting effect, which strongly affects the angular distributions of the low energy particles If an ambient solar particle population with an energy spectrum of a power law shape (dj/dE = K * E -Y ) exists, the ions which are accelerated and transmitted downstream from the bow shock present an energy spectrum at low energies, which is parallel to the energy spectrum of the solar background population. Reflected ions of high intensities are observed at intermediate energies, while their spectrum converges to the solar background one at both the low and the high energies.
Quasi-parallel bow shock
The ion behavior in the vicinity of the quasi-parallel side of the bow shock has been the subject of a more intense investigation over the last two decades. Since the IMF forms an -45" angle with the Sun-Earth line at the position of the Earth, it more often forms a parallel shock structure at the dawn side of the bow shock (Fig. 4) . Of course, upstream ion events are observed if a detecting spacecraft is magnetically connected with the bow shock. However this is necessary, but not a sufficient condition for detecting 250keV ions upstream from the quasi-parallel bow shock [lo, 33-36] . From Fig. 4 it is evident that a spacecraft through its trajectory is connected magnetically for a longer period with the quasi-parallel (dawn) bow shock than with the quasiperpendicular (dusk) side of this shock.
Upstream from the quasi-parallel bow shock the energetic (E 2 30 keV) ion fluxes often display broad angular distributions in the presence of large amplitude low frequency plasma and magnetic field waves [37] . However, at the onset phase of an upstream particle event, before the generation of the magnetic wave activity, the energetic ions stream along the IMF direction and present strong field aligned anisotropies in the detecting angular distributions
The energy spectrum of the energetic ions observed upstream from a quasi-parallel region of the bow shock can be well described by a power law shape from -50 keV up to energies as high as -2MeV [36, [39] [40] [41] . At low energies (E < 20-100 keV), both power law [42] and exponential c121. Physica Scripta T52 [43, 44] spectra have been reported. In a recent statistics we have shown that the upstream events with significant proton fluxes at intermediate energies (-50 keV) have proton spectra, which extend to energies > 300 keV [13] .
~381.
With respect to the spatial distribution of ions, a hardening of the spectra toward the dusk magnetopause/bow shock at energies E 2 30-50keV has been confirmed [42, 45, 461 . The ion fluxes decrease with increasing distance from the bow shock in the sunward direction, with an efolding distance L N 7R,(j cc e-"'") according to Ipavich et al. [43] , but increase downstream, toward the earth magnetopause [47, 481 . Furthermore, a large scale ion intensity gradient from the upstream region toward the earth's magnetotail (plasma sheet) has been confumed with multispacecraft observations [36, 45, 49] .
The upstream ion events present either forward (FVD) or inverse (IVD) or not at all (NVD) velocity dispersion [49, . Anagnostopoulos [ 131 recently found a statistical distribution of -6O%, -22% and -18% for NVD, FVD and IVD, respectively.
The upstream and magnetosheath proton fluxes display a strong positive correlation with substorm activity. This is confumed by both one case [45, 49, 51, 531 and statistical studies [42, 46, 48, 541 . Furthermore, the proton events are very often (-80-90%) accompanied in the upstream region by the presence of energetic (E 2 220 keV) electrons, which is a signature of particles of magnetospheric origin [13, 33, 341. 3.3. Quasi-perpendicular/Quasi-parallel bow-shock :
Comparison of simultaneous multispacecraft observations
Here we report the results from a comparative study of the quasi-perpendicular (dusk) and the quasi-parallel (dawn) side of the earth's bow shock, based on simultaneous measurements obtained by two spacecraft (IMP-7 and IMP-8) with similar energetic particle sensor systems [33] . This study demonstrated that under the same solar wind conditions, the quasi-perpendicular side of the bow shock did produce acceleration effects in the intensities of energetic (0.050 < E < 4.000 MeV/n) ions, whereas the quasi-parallel side did not [ll] . The observations obtained during that time period (intensity-time profiles, energy spectra and angular distributions) in the vicinity of the quasiperpendicular bow shock, were found in agreement with the predictions of the SDA theory.
New observations 4.1. Quasi-perpendicular bow shock
In Fig. 5 we present magnetic field (a) and proton (b) observations from the spacecraft IMP-6. The inset in Fig. 5(b) displays the average position of the bow shock and the directions of the IMF B at the times marked a, b and c when IMP-6 crossed the bow shock [normal dashed lines in Fig. 5(b) ]. It is evident that in the case of the first bow shock crossing, the IMF formed an oblique bow shock at the position of IMP-6, with significant magnetic field wave activity. Non-observable proton acceleration was detected at energies >29.3 keV. In the second and third crossings (b and c) the IMF formed an angle 8 , " closer to 90". Remarkable 358 keV) shown in this figure, with a peak-to-background intensity ratio, which becomes smaller with increasing energy. Furthermore, it is evident that the proton flux peaks downstream from the bow shock at the low energies (29.3-91.0keV), but it peaks upstream from the bow shock at higher energies (E 2 91.0 keV). Such a particle acceleration configuration has been known so far only for interplanetary quasi-perpendicular MHD shocks [56, 571; it is the first time for which such an ion behaviour is found at the earth's bow shock. We also note that the IMP-6 spacecraft when moved upstream from the quasi-perpendicular bow shock observed first significant high energy proton flux enhancements and at later times the low energy ones (before the bow shock crossing b). Correspondingly, after it left the magnetosheath and entered the interplanetary space (c), it stopped observing the low energy protons first and the high energy ones at later times. During the IMP-6 crossings b and c of the bow shock, the values of both the IMF magnitude and the solar wind speed were somewhat higher than the average ones, i.e. B, N 7.5 nT, B, N 9nT, and U,, N 550 km/sec (instead of B = 5 nT, U,, = 350 km/sec usually observed).
Figure 6 present energetic ion and solar wind speed observations from the spacecraft IMP-8 for a long time period when this spacecraft crossed the quasi-perpendicular dusk bow shock [lo] . In this time period, with exceptional high values of the IMF magnitude (B = 13-21.5 nT, see Fig.  6 ) and solar wind speed (U,, 2 700 km/sec), acceleration effects in the proton fluxes were observed up to energies as high as -4 MeV. Furthermore, acceleration effects were observed to energetic (0.64-1.17 MeV/n) a-particles and energetic (0.77-3.2 MeV/n) nuclei with 2 2 3. Forward velocity dispersion was also observed upstream from the bow shock, during the time period examined in Fig. 6 (5 10 UT). The two insets in Fig. 6 display the energy spectra of the proton intensities for two time periods, when IMP-8 was found upstream (-12 : 13 UT) and downstream (-11 : 34 UT) from the bow shock respectively; along with the energy spectrum of the ambient proton population (-12 : 06 UT). These energy spectra correspond to protons reflected upstream (R) and transmitted downstream (T) from the bow shock respectively. Angular distributions with field aligned anisotropy for the reflected population and double peaked anisotropy perpendicular to the magnetic field for the transmitted population respectively, are also shown in the insets of Fig. 6 .
In the following, we provide some additional observations for 18 beam events of low energies at times when ISEE-1 and 2 were found upstream from a large angle OB,, (35" < OB,, < 80"-90") region of the bow shock. These beam events were first published and discussed by Paschmann et al. [lS] and Scholer et al. [SS] . Table I presents values of some parameters for the times at which the 18 beam events were observed. Figure 7 presents: (a) energetic ion ( E 2 50keV/n) and (b) electron ( E 2 220 keV) observations for the days [182] [183] [184] [185] [186] [187] 1978 . It is evident that the solar flare of -09 : 30 UT, on July 2 (183), 1978 emitted energetic particles of high intensity, which were observed at the position of the earth in the following days. During the day July 3 (184), beams of proton and a-particle were observed by ISEE-1 to travel outward from the bow shock along the direction of the IMF (the arrow in Fig. 7(a) indicates the time of beam detection). The observations of Fig. 7 suggest that the acceleration process, which produced the ion beams of energies as high as E > 60 keV/q upstream from the large angle OB, bow shock, could use a reservoir of ambient energetic ions in order to accelerate these ions to somewhat higher energies. In a further examination of the upstream beam events published by Paschmann et al.
[lS], we also found that the majority of these events were observed under similar solar wind conditions. For instance, most of the 18 beam events discussed by Cl51 were observed after the occurrence of intense solar flares which produced an energetic particle reservoir in the vicinity of the earth's magnetosphere. In three cases Sudden Storm Commencement effects and/or interplanetary MHD shock waves were observed near the earth.
In Fig. 8 we display the speed of the field aligned protons for the 18 events referred to above us. (a) the angle OB,, between the IMF direction detected by ISEE-1 and the Figure 10 presents energetic ( E = 50-220 keV) proton and magnetic field observations with a better time resolution, during a time period when IMP-8 crossed the bow shock seven times successively under a variety of IMF-bow shock configurations. Notice that rich wave activity was present in the cases of the crossings c and e, when the IMF direction formed a nearly parallel bow shock at those times. It is evident that nonobservable acceleration effects at energies > 50 keV were detected by the IMP-8 spacecraft for all the shock structures shown in Fig. 10 , i.e. from nearly parallel to nearly perpendicular (see inset in Fig. lo) , under common solar wind conditions B ,< 5 nT, Usw = 315 km/sec observed for that time period.
From the examination of field and particle observations obtained by I M P 4 over the time period of ten years (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , we found that the absence of 2 50 keV protons events upstream from the quasi-parallel bow shock is a common phenomenon under conditions with : (a) no significant substorm activity in the magnetosphere, (b) presence of high solar background flux, which hides the presence of magnetospheric ion events of lower intensities [35] . In the following we will discuss such a representative time period, when IMP-8 was found in the vicinity of the (quasi-) parallel bow shock. In the upper panel of Fig. 11 shown are 50-220 keV proton observations from the EPE/NOAA experiment on board the IMP-8 spacecraft, for the day April 18, 1975, and in the second panel the auroral electrojet indices AO, AE, AL, and AU, which indicate the level of substorm activity within the magnetosphere. In the inset of Fig. 11 we display the position of IMP-8 at the time of a bow shock crossing (10: 30 UT, Apr. 18, 1975) and the position of the earth's bow shock in a plane containing the axis XSE and the spacecraft IMP-8. From Figs ll(a) and ll(b) it is evident that proton flux enhancements were present only after the onset of the substorm activity, i.e. after -11 : 50 UT, with angular distributions forming a broad shape in the presence of significant magnetic field wave activity [ Fig. ll(c) ]. We have also found by examining observations (not shown here) obtained by the CPME/APL instrument on board the same spacecraft IMP-8, that 2 300 keV protons and 2 220 keV electrons were also present over the time period -12 : 15-14:OO UT. Given that protons with an energy spectrum extending up to energies higher than 300 keV and accompanied by the presence of energetic ( E 2 220 keV) electrons are a signature of presence of magnetospheric particles [33, 341, we can infer that magnetospheric particles were present at the position of the spacecraft IMP-8 after the onset of the magnetospheric substorm. Figure 1 time period (09 : 00-10 : 45 UT) before the beginning of the substorm activity [solid bar marked a in Fig. ll(a)], and (b) for a time period (13 : 00-14 : 00 UT) with a turbulent magnetosphere [solid bar marked b in Fig. ll(a) ]. We see that at -10 : 30 UT an IMF discontinuity turned the field direction southward and (most probably) causes an outward motion of the bow shock and a crossing by IMP-8. We note that a southward IMF direction is a preferential one for enhanced substorm activity and ion leakage through the magnetospause [46] . Within the above two periods (a and b) the IMF formed a nearly parallel bow shock (eBn 2: OO), with strong wave activity in the first case (a) and a moderate wave activity in the second one (b). If an acceleration process depending on the angle OBn and the wave activity was in progress, and such an acceleration mechanism contributed in the flux enhancement observed after -12 UT, we infer that a higher flux enhancement would have been observed during the time period b, in the presence of a similar parallel bow shock and of a stronger wave activity.
On the contrary we see that no significant proton activity was present in the first time period a, although the wave activity was more intense than that in the case b, but under conditions of a quiet magnetosphere. Also note that between 09 : 00-10 : 45 UT the IMP-8 spacecraft was found just upstream from the bow shock, where the ion flux expected by Fermi acceleration models are highest [26, 43] .
Summary of observations and discussion

Shock drift acceleration of energetic ions
We have shown that at quasi-perpendicular (45" < OB, e 900) regions of the earth's bow shock energetic ( E 2 30 keV) protons are accelerated and are either reflected upstream or are transmitted downstream from the bow shock. The reflected ions stream along the IMF, whereas the ions transmitted downstream from the bow shock present angular distributions with a double peaked anisotropy at large angles with the bow shock. Furthermore, the reflected ions present forward velocity dispersion when a detecting spacecraft enters the foreshock region from a region which is not connected magnetically with the bow shock. In this study we have revealed a new characteristic of the upstream ion enhancements observed at quasiperpendicular regions of the bow shock; the ratio of the upstream proton flux to the flux of the downstream protons increase with increasing energy. This finding is predicted from the SDA theory (Fig. 3) , and it has already been confirmed in the case of interplanetary shock waves. The angular distributions and energy spectra observed near the quasi-perpendicular bow shock are also in agreement with the predictions of the SDA theory [3, 6, 9, [58] [59] [60] . In Table  I1 we summarize the most characteristic predictions of the SDA theory, which are all found to be confirmed in the case of the bow shock.
Non-acceleration effects at the bow shock, at energies 230keV, we found in the following cases for: (a) a quasiparallel bow shock (0 5 OB, 5 45"), even though a rich wave activity existed. (b) a quasi-perpendicular bow shock, but in the presence of small or common values of the solar wind speed U, , and of magnetic field magnitude B, and (c) a quasi-perpendicular bow shock in the absence of an ambient energetic particle population. (a) (Quasi-) 
Shock drift acceleration of superthermal ions
We also found that the low-energy protons, which are observed upstream from the bow shock to travel along the IMF, the so-called reflected population [61] , are strongly dependent on three different parameters : (a) the angle OB, forming between the IMF direction and the normal to the bow shock front (b) the value of the induced interplanetary electric field I E I = I -U,, x BI and (c) the presence of an ambient superthermal proton population of solar origin, as possibly suggested by the presence of a high energy (E 2 50 keV) tail in the ambient proton spectrum. The occurrence of the reflected beam events in correlation with the coccurrence of a solar flare and the presence of an ambient population of solar origin at low energies confirms the predictions of a relevant numerical study [16] , which predicted the SDA as a viable mechanism at oblique shocks for initial energies down to those normally classified as superthermal.
The dependence of the proton beam speed on the value of the induced electric field E is an impressive new result for the low energy ( E < 30 keV) reflected population, which further confirms that this population originates from SDA at the bow shock. Large values of the induced electric field E and a small ratio R,/R, of the proton gyroradius to the local curvature of the bow shock have been confirmed so far to favour further energization of E 2 30keV protons at the quasi-perpendicular bow shock [lo, 11, 171 . Anagnostopoulos and Sarris [lo] suggested that under such conditions, an energetic ( E 2 30 keV) proton could gain a large amount of energy by drifting only a small distance on the shock front, and consequently, without changing the favourable for the SDA quasi-perpendicular structure of the bow shock. However even a proton of a small energy i.e. a proton of initial energy Ei = 4 keV, must drift a significant distance of -8R, along the shock surface in order to accel-erate to a factor of 7-12 [16] . For such a large removal the characteristic angle BBn changes drastically and the acceleration efficiency may be reduced, except that an enhanced electric field and/or a shortening of the ratio R,/R, accelerates the proton to high energy, in a shorter distance, in a similar way which favours the acceleration of the energetic (i.e. 2 30 keV) protons at the bow shock [lo].
Scholer et al. [55] noted that at the end of the day July 3, 1978 the ISEE-1 spacecraft detected a beam of 260keV/q ions, at a time for which the simple reflection theory [14, 151 predicts reflection of protons with maximum energy of -10 keV. Since, we have confirmed that an ambient proton population of solar origin existed on that day (Fig. 7) with a spectrum extending well above 50 keV, the presence of the ambient superthermal/energetic proton population can successfully explain the presence of high energy ( E 2 60 keV) protons reflected upstream from the bow shock, through SDA [16, 17] .
Diffusive acceleration
The representative observations presented upstream and downstream from a parallel and turbulent bow shock region (eBn r OO), further confirms that there exist major inconsistencies of the predictions of the diffusive (1st order Fermi) acceleration models with the observations. Table I11 displays the major predictions of this theory and the results from a comparison with the observations both presented in this as well as in other relevant studies. We note that, although some investigators claim that diffusive acceleration makes precise predictions for upstream ions [62] , this is true only for some of the upstream/downstream characteristics. No consistency is found if predictions of 1st order Fermi acceleration models are compared with the whole body of observations from one spacecraft, i.e. energy spectra northsouth and dawn-dusk anisotropies of angular distributions, velocity dispersions, intensity-time profiles, composition of particle events etc. and more if multispacecraft observations be taken into account [36,49,51-531. The energetic ( E 2 30 keV) ion events which are observed upstream or downstream from the quasi-parallel bow shock are most probably of magnetospheric origin [34, 361. However, ions of lower energies may be accelerated at the bow shock through Fermi acceleration process.
5.4. Solar cycle dependent acceleration process at the bow shock Since, the Shock Drift Acceleration of superthermal or energetic protons to high energies at the bow shock depends on the solar wind speed Usw and the magnitude of the IMF B, we believe that the occurrence of reflected beam events at high energies (i.e. 2 30 keV) is a solar cycle dependent phenomenon. Indeed, we have initial results from such a study, which shows a higher occurrence frequency of high energy ( E 2 50 keV) upstream beam events, during the years 1974-1975 than between 1978-1979. 
